Abstract: This study assessed the prevalence of fecal indicator bacteria (FIB) and Vibrio species, as well as the physicochemical qualities of the discharged effluents of two wastewater treatment facilities, in the Eastern Cape, South Africa over a one-year sampling period using standard methods. Bacteriological assessment revealed presumptive E. coli counts ranging from 3 to 1.2 × 10 5 CFU/100 mL, while counts of Vibrio spp. ranged from 11 to 1.4 × 10 4 CFU/100 mL. Molecular identification of the isolates by polymerase chain reactions (PCR) yielded positive reaction rates of 76.2% (381/500) and 69.8% (279/400) for E. coli and Vibrio species, respectively. The antibiotic susceptibility profiles of 205 randomly selected PCR-confirmed Vibrio isolates against 18 antibiotics revealed resistance frequencies ranging from 0.5% (imipenem) to 96.1% (penicillin G), based on recommended breakpoint concentrations. About 81% (166/205) of the Vibrio isolates exhibited multidrug resistance (resistance to three or more classes of antibiotics), while nine different antibiotic resistance genes were detected by PCR. The physicochemical qualities of the effluents also ranged as follows: pH (6.5-7.6), temperature (12-27 • C), turbidity (1.5-65.7 mg/L), total dissolved solids (95-171 mg/L), dissolved oxygen (2.1-9.8), electrical conductivity (134-267 µS/cm), free chlorine (0.08-0.72 mg/L), biochemical oxygen demand (0.12-9.81 mg/L), nitrate (1.04-21.5 mg/L), nitrite (0.11-0.76 mg/L), phosphate (1.03-18.3 mg/L) and chemical oxygen demand (27-680 mg/L). The discharged effluents fell short of the regulatory guidelines for some of the parameters assessed. We conclude that the discharged effluents are potential sources of environmental pollution and can contribute to drug resistant bacteria load in the receiving watershed, with the associated ecological and human health risks.
Introduction
Lack of access to clean and safe water and adequate sanitation continues to pose a major threat to human health. On a global scale, diarrhoea is estimated to be responsible for one in nine child death cases; making diarrhoea the second leading cause of child mortality [1, 2] . The fatality rate has been reported to be about 11 times higher among children living with human immunodeficiency virus (HIV), mostly in developing countries [2] . An estimated 88% of diarrhoea disease burden is directly linked to unsafe water, sanitation and hygiene [3] .
Human and animal fecal matters from wastewater are major sources of enteropathogenic microbes in freshwater environments [4] . Numerous species of enteric pathogens capable of causing viral, bacterial and parasitic infections may be present in environmental water, including discharged wastewater effluents, and at least one novel enteric pathogen has been discovered each year over the past decades [5] . The array and number of pathogens that may be present in municipal wastewater differ with the levels of prevalent diseases in the community, commercial and industrial discharges, and seasonal factors [6] . Concerns about health risks associated with the discharge of inadequately treated wastewater effluents that may harbor antimicrobial resistant pathogens and other biological and chemical contaminants into the environment have renewed awareness in the effects of treatments on microbial pathogens [6, 7] .
The discovery of penicillin, and subsequently other classes of antibiotics, remains one of the hallmarks of breakthrough in medicine and disease control of the twentieth century, and has helped revolutionised biomedical care in many respects. Antibiotics have been administered for prophylactic, therapeutic and metaphylactic purposes. Some diseases that were previously considered dreadful for centuries have been successfully treated or controlled by means of antibiotics [8] . In addition, antibiotics have also been used extensively at subtherapeutic levels as growth promoter/feed enhancer in livestock farming, most especially in the industrialised nations, including many European countries and the United States of America [9] [10] [11] [12] . However, the spontaneous emergence and spread of antibiotic resistance, coupled with diminished numbers of novel antibiotics, has threatened the feat of antibiotics in modern medicine, and induced the fear of a possible post-antibiotic era [13] . The extraordinary genetic capabilities of many pathogenic microorganisms have benefited from the overuse of antibiotics in clinical, agricultural and community settings [14] . The evolution and proliferation of resistance in microorganisms has been on the rise in recent years, largely because of increased selective pressure. This presents a serious challenge worldwide, with severe implications for morbidity and mortality both in clinical and community settings. Wastewater treatment facilities are significant "hotspots" for the emergence and spread of clinically important antibiotic resistant genes [15, 16] . Antibiotics and other pharmaceuticals residues have been detected in municipal effluents worldwide. Contemporary wastewater treatment facilities are not designed to remove them from treated effluents. Thus, they are released into the environment [17, 18] , adding to the selective pressure for the evolution of antibiotic resistance among environmental microorganisms. The potential of bacteria to acquire and transfer antibiotic resistance via exchange of genetic materials either by vertical or horizontal gene transfer presents a significant threat to human health.
Fecal indicator bacteria (FIB) are still largely used for water quality monitoring purposes [19] . However, their abundance may be a feeble indicator of pathogens in environmental waters. Efficient treatment processes, coupled with tertiary treatment steps such as disinfection, can reduce the pathogen loads and other physicochemical contaminants such as biochemical oxygen-demanding substances and nutrient contents, in order to protect human health and the freshwater ecosystems from pollution [20] . E. coli, Shigella, Salmonella and Vibrio spp. have been the predominant pathogens linked to waterborne outbreaks in Africa [21, 22] , whereas certain clonal strains of these pathogens have been reported to survive conventional wastewater treatment processes [23] [24] [25] [26] .
Poor management and maintenance (i.e., inefficient operational, poor design, lack of expertise, inefficient monitoring and poor documentation of compliance, among others) of many existing wastewater treatment facilities remains a concern and often leads to the discharge of poorly treated effluents into the aquatic environments in most developing countries, such as South Africa, with its attendant ecological and public health risks [27, 28] . This study is therefore designed to assess the physicochemical qualities and the prevalence of FIB (E. coli) and Vibrio species in the discharged effluents of two wastewater treatment plants in Eastern Cape, South Africa, with particular interest in the release of multidrug-resistant Vibrios species into the aquatic environment, and their associated ecological and public health implications.
Materials and Methods

Study Area
South Africa is a relatively dry country due to its very low average rainfall per annum [29] . Other factors, such as climatic change and water pollution, exacerbate the problem of water scarcity in the country. The relatively little amount of water available [30] causes many communities to rely on untreated surface and ground water sources for their immediate water needs. The treatment plants selected for the study are located within the geographical coordinates 32 • 34 17" S, 27 • 26 95" E (designated as S-wastewater treatment plant; SWWTP for confidential reasons) and 32 • 41 31" S, 27 • 08 36" E (designated as K-wastewater treatment plant; KWWTP) ( Figure 1 ). SWWTP is a medium-scale plant that receives sewage from Stutterheim town and the environs. There are some medium-scale commercial and industrial activities around the location of the treatment plant, while KWWTP receives predominantly domestic wastewater as well as effluents from commercial farming activities. The two plants are located in the Amahlathi Local Municipality within the Eastern Cape Province, with an estimated population of about 122,778 according to the 2011 South African nation census.
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Study Design and Sample Sources
Forty eight wastewater final effluent samples were collected in replicates over a 12-month sampling period (September 2012-August 2013) from two wastewater treatment plants located in the Eastern Cape, South Africa. Both plants use the activated sludge and drying beds technology and disinfect their final effluents by chlorination before discharging into the receiving rivers, respectively. Some physicochemical parameters including pH, electrical conductivity (EC), temperature and total dissolved solids (TDS) were measured in situ using a Crison Multimeter MM40. Dissolved oxygen (DO), turbidity and free chlorine were also determined in situ using an HQ40d BOD meter (HACH 
Forty eight wastewater final effluent samples were collected in replicates over a 12-month sampling period (September 2012-August 2013) from two wastewater treatment plants located in the Eastern Cape, South Africa. Both plants use the activated sludge and drying beds technology and disinfect their final effluents by chlorination before discharging into the receiving rivers, respectively. Some physicochemical parameters including pH, electrical conductivity (EC), temperature and total dissolved solids (TDS) were measured in situ using a Crison Multimeter MM40. Dissolved oxygen (DO), turbidity and free chlorine were also determined in situ using an HQ40d BOD meter (HACH Company, Loveland, CO, USA), a microprocessor turbidity (HACH Company, model 2100P) and a free and total ion specific meter (model HI 93711, Hanna instrument, Woonsocket, RI, USA ), respectively, while orthophosphate (PO 4 − ), nitrate (NO 3 − ), nitrite (NO 2 − ) and chemical oxygen demand (COD) were determined by standard photometric methods, using a UV/Vis spectrophotometer (Spectroquant Pharo 100, Merck Pty Ltd., Darmstadt, Germany). Biochemical oxygen demand (BOD) was determined using the HACH BOD meter (HACH Company, model 2943900) and following BOD 5 description of [31] . Samples for bacteriological analysis were collected aseptically using sterile 1.7 L screw-capped Naglene bottles in replicates. The samples were de-chlorinated by adding 1 mL of 10% sodium thiosulphate and then transported in cooler boxes to the Applied Environmental Microbiology Research Group (AEMREG) laboratory at the University of Fort Hare, South Africa for analysis within 6 h of collection. Figure 2 below shows the summary of workflow for the study. Figure 2 below shows the summary of workflow for the study. 
Bacteriological Analysis
Enumeration of E. coli and Vibrio spp. was done by membrane filtration techniques according to APHA-AWWA-WEA [31] . Presumptive E. coli densities were detected on E. coli-Coliforms Chromogenic medium (Laboratorios CONDA, Madrid, Spain) incubated at 37 °C for 24 h, while total presumptive Vibrios were enumerated on thiosulfate-citrate-bile salt-sucrose (TCBS) agar (Laboratorios CONDA, Madrid, Spain) and incubated at 37 °C for 24 h. All analyses were carried out in triplicate and reported as mean CFU/100 mL. Purified colonies of the presumptive bacteria isolates were picked randomly and subjected to preliminary identification (gram staining, oxidase and indole test). For E. coli, gram-negative, oxidase-negative and indole-positive isolates were selected while gram-negative, oxidase and indole-positive Vibrio isolates were selected and preserved in 20% glycerol stock at −80 °C for further analysis. 
Enumeration of E. coli and Vibrio spp. was done by membrane filtration techniques according to APHA-AWWA-WEA [31] . Presumptive E. coli densities were detected on E. coli-Coliforms Chromogenic medium (Laboratorios CONDA, Madrid, Spain) incubated at 37 • C for 24 h, while total presumptive Vibrios were enumerated on thiosulfate-citrate-bile salt-sucrose (TCBS) agar (Laboratorios CONDA, Madrid, Spain) and incubated at 37 • C for 24 h. All analyses were carried out in triplicate and reported as mean CFU/100 mL. Purified colonies of the presumptive bacteria isolates were picked randomly and subjected to preliminary identification (gram staining, oxidase and indole test). For E. coli, gram-negative, oxidase-negative and indole-positive isolates were selected while gram-negative, oxidase and indole-positive Vibrio isolates were selected and preserved in 20% glycerol stock at −80 • C for further analysis.
2.4. Molecular Identification of Presumptive E. coli and Vibrio spp.
The identities of the presumptive isolates were confirmed by polymerase chain reactions (PCR) using specific oligonucleotide primers. Bacterial DNA was extracted following the description of Queipo-Ortuno et al. [32] with modifications. Briefly, two to three discrete colonies from 18 h growth cultures were picked and suspended in 200 µL of nuclease-free water in 1.5 mL microcentrifuge tubes, and boiled for 10 min. The tubes were cooled on ice, and centrifuged at 13,500 rpm for 10 min. 5 µL of the supernatants were used directly as template for PCR assays. E. coli isolates were identified by amplifying the housekeeping uidA (β-D glucuronidase) gene [33] , while the presumptive Vibrio isolates were identified to the genus level by targeting the variable regions between position 700 and 1325 of the 16SrRNA gene [34] . The PCR assays were carried out using a MyCycler™ thermal cycler, in final reaction volumes of 25 µL, containing 5.0 µL of bacterial DNA template and 20.0 µL reaction 'cocktail' (12.5 µL of 2X PCR Master Mix (Thermo Scientific Inc., Waltham, MA, USA), 1.0 µL each of forward and reverse primers (10 picomole), and 5.5 µL of nuclease-free water). Reference strains ATCC 29522 and DSM 19283 were included in the assays for E. coli and Vibrio identification, respectively. Table S1 in the supplemental information shows the primer sequences and PCR conditions used in the study.
Antibiotic Resistance Profiling of the PCR-Confirmed Vibrio spp. Isolates
Antibiotic susceptibility profiling of the PCR-confirmed Vibrio isolates was done by standard disc diffusion method, following the description of the Clinical and Laboratory Standards Institute (CLSI) [35] . The susceptibility/resistance of the isolates was evaluated against 18 commercial antibiotic discs (Mast Diagnostics, Merseyside, United Kingdom). The antibiotic selection was based on some drugs used in the treatment of Vibriosis and other Vibrio-related diseases, as well as some used in veterinary medicine. These include ampicillin (AP) 25 µg, amikacin (AK) 30 µg, imipenem (IMI) 10 µg, meropenem (MEM) 10 µg, streptomycin (S) 10 µg, chloramphenicol (C) 10 µg, ciprofloxacin (CIP) 5 µg, nalidixic (NA) 30 µg, tetracycline (T) 30 µg, trimethoprim (TM) 5 µg, norfloxacin (NOR) 10 µg, sulfamethoxazole (SMX) 25 µg, gentamycin (GM) 120 µg, neomycin (NE) 10 µg, penicillin G (PG) 10 units, nitrofurantoin (NI) 300 µg, polymyxin B (PB) 300 units and cefuroxime (CFX) 30 µg. The CLSI interpretative chart was used to determine the susceptibility/resistance of the test isolates by comparing the diameter of the zones of inhibition of the isolates against the test antibiotics [32] . Multiple antibiotic resistance phenotypes (MARP) profiles were generated for the isolates exhibiting resistance to three or more test antibiotics, while the estimation of multiple antibiotic resistance indices (MARI) for the multidrug-resistant isolates were estimated for the two sampling sites by the formula previously described by Krumperman [36] to assess the health risk of such isolates to the environment. The formula is given as: MAR index (MARI) = a/(b × c); where, a = the aggregate antibiotic resistance score of isolates, b = number of antibiotics, and c = number of isolates.
Molecular Detection of Antibiotic Resistance Genes in PCR-Confirmed Vibrio spp. Isolates
The occurrence of resistance genes in the Vibrio isolates showing resistance to the different classes of test antibiotics were profiled using PCR with specific oligonucleotide primers. Ten resistance genes, including blaTEM, blaSHV, blaZ, blaCTX-M, aadA, strA, tetA, tetB, tetK and tetM, were assayed by means of singleplex PCR. The sequences of the oligonucleotide primers, the cycling protocols and the product sizes are given in Table 1 . Five microliter (5 µL) of the PCR products were resolved using electrophoresis on 1.5% agarose gel stained with 0.5 mg/L ethidium bromide with 0.5X TBE (Tris-borate-EDTA) buffer and visualized under the BioDoc-It ultraviolet transilluminatore (UVP Upland, CA, USA). 
Statistical Analysis
Data analysis was done using descriptive and inferential statistical tools. The calculation of means and standard deviations were performed using one-way ANOVA (IBM SPSS 22.0 version for Windows program, Armonk, NY, USA). The paired-samples t-test and the ANOVA F-test were used for tests of significance, while the coefficients of correlation among the physicochemical parameters and the bacteria densities were determined using the Pearson correlations procedure. All statistical significance was set at p values < 0.05.
Results
Physicochemical Characteristics
The results of the physicochemical qualities evaluated are shown in Tables 1 and 2 for SWWPT and KWWTP, respectively. The monthly variations in physicochemical qualities assessed over the sampling period are shown for both treatment plants. The parameters were generally compared to the regulatory guidelines for treated effluents discharged into surface water in South Africa (Table S2 , supplemental information), while international regulatory standards were adopted where such standards do not exist in the current South African regulatory documents.
At SWWTP, the pH of the effluent samples ranged 6.7-7.6, while it ranged 6.5-7.4 at KWWTP. The pH values from both treatment plants were statistically significant at p < 0.05, and these values were within the recommended limits for discharged effluents throughout the sampling period. The temperature regime for the samples at both study sites ranged 12-27 • C. The temperature profiles were also within the recommended limits, and were statistically significant at p < 0.05 or p < 0.01. Higher temperature values were generally recorded during the summer months, contrary to the low values in winter.
Similarly, TDS and EC levels at both plants complied with the regulatory limits for discharged effluents, and ranged as 95-171 mg/L and 134-267 µS/cm, respectively. The TDS concentrations at SWWTP were insignificant at p < 0.05, whereas values were statistically significant at KWWTP.
The turbidity profile varied significantly (p < 0.05) at both study sites, and range from 1.5 to 24.70 NTU at SWWTP, and from 6.13 to 65.70 NTU at KWWTP. There is no limit specified for turbidity in discharged effluents in South Africa. However, when compared to the World Health Organisation limit of <5 NTU, about 50% of the discharged effluent at SWWTP did not comply, while all effluents (100%) were above this limit at KWWTP.
The dissolved oxygen in the discharged effluents range was 4.2 to 8.6 mg/L at SWWTP, and 2.1-9.8 mg/L at KWWTP. The statistical significance of the DO levels in the effluents was not tested, because the DO concentrations of the influents were not determined. The determination of BOD 5 showed ranges from 0.13 to 8.43 mg/L and from 0.19 to 9.81 at SWWTP and KWWTP, respectively. The BOD 5 measurements at both treatment plants did not vary significantly (p < 0.05). The chemical oxygen demand values at SWWTP ranged 27-680 mg/L, with the highest COD levels in September, and the lowest in April. About 66.7% of the sample analyzed at the site exceeded the recommended limit for discharged effluents, while the COD level was insignificant at p < 0.05. At KWWTP, the COD concentrations ranged 32-650 mg/L. Approximately 91.7% of the effluent samples analysed at the site had COD concentrations above the general recommended limit of 75 mg/L for effluent discharged into surface water. The highest COD concentration at the site was recorded in November, while the lowest concentration was in December. Statistically, the COD level at the site was significant at 95% confidence limit (p = 0.000).
The free chlorine concentrations of the effluents varied widely, and ranged 0.08-0.72 mg/L over the sampling period at both treatment plants. At SWWTP, the concentration of free chlorine ranged from 0.10 to 0.49 mg/L, while the concentrations ranged from 0.08 to 0.72 mg/L at KWWTP. At p > 0.05, the chlorine concentrations at both treatment plants were statistically significant, with 66.7% of the samples from SWWTP having free chlorine concentrations below the DWA recommended limit of 0.25 mg/L, while 50% of samples from KWWTP had concentrations below the limit. Higher levels of free chlorine concentrations above the recommended limit were mostly observed in the discharged effluents from KWWTP (Table 3) . At SWWTP, the concentrations of nitrate, nitrite and orthophosphate in the discharged effluents ranged as 1.04-8.10 mg/L, 0.11-0.76 mg/L and 1.03-16.10 mg/L, respectively. The values were statistically significant at p < 0.05. The concentrations of nitrate and nitrite at the site were within the general permissible limits of 15 mg/L throughout the sampling period, while 25% of the samples had orthophosphate concentrations above the 10 mg/L for discharge effluents. Also at KWWTP, the nitrite concentrations complied with the recommended general limit, while 33.3% of the samples had nitrate concentrations above the general permissible limit. Similarly, 33.3% of the samples from this site had orthophosphate levels above the recommended limit of 10 mg/L for discharged effluents.
Seasonally, statistical analysis (p > 0.05) showed no significant variations in pH of the effluents across the four seasons (spring: September, October, November; summer: December, January, February; autumn: March, April, May; winter: June, July, August) at both treatment plants. Similarly, other physiochemical parameters, such as total dissolved solids and electrical conductivity, did not vary significantly at both study sites during the study period. On the other hand, effluent temperature varied significantly among the seasons at both treatment plants. As expected, the lowest temperatures were recorded during the winter months, while the highest temperatures were recorded during summer months at both study sites. Both the turbidity and dissolved oxygen concentrations of the effluents exhibited similar trends seasonally and did not vary significantly (p > 0.05) among the seasons at KWWTP, while they did vary among the seasons at SWWTP. Chemical oxygen demand showed a contrasting trend with high seasonal variation at KWWTP, while they did not vary significantly at SWWTP.
Prevalence of E. coli and Vibrio Species
The prevalence and distribution of E. coli and Vibrio species varied widely, and both bacterial groups were detected at both treatment plants over the sampling period, as shown in Table 3 . Presumptive E. coli and Vibrio species were detected in all the samples analyzed, with counts generally ranging from 3 to 1.2 × 10 5 CFU/100 mL and from 11 to 1.4 × 10 4 CFU/100 mL, respectively. At SWWTP, the presumptive E. coli counts ranged 23 and 1.2 × 10 5 CFU/100 mL, with 41.7% of the samples having counts above the permissible general limit of 10 3 CFU/100 mL of fecal coliforms for discharged effluent into surface water. The presumptive Vibrio counts at this site ranged between 11 and 2.1 × 10 3 CFU/100 mL, while 16.7% of the sample had counts above the 10 3 CFU/100 mL limit. Similar at KWWTP, the counts of presumptive E. coli ranged between 3 and 7.1 × 10 3 CFU/100 mL, while presumptive Vibrio species had counts ranging from 14 to 1.4 × 10 4 CFU/100 mL. About 33.3% of the samples at KWWTP had E. coli counts above the recommended limit of 10 3 CFU/100 mL, while 25% of the samples had Vibrio counts above this limit. The E. coli and Vibrio species densities at the two treatment plants were statistically significant at p < 0.05 for the set limit of 10 3 CFU/100 mL for fecal coliforms in discharged effluents.
The seasonal distribution of the target bacteria varied significantly (p < 0.05). The highest seasonal means of presumptive Vibrio counts were observed in spring (September, October and November), with average counts of 9.8 × 10 2 CFU/100 mL and 5.0 × 10 3 CFU/100 mL at SWWTP and KWWTP, respectively. The seasonal mean of E. coli count was also highest in spring at KWWTP (3.6 × 10 3 CFU/100 mL), while it was highest in winter (June, July and August) at SWWTP, with a mean value of 4.2 × 10 4 CFU/100 mL. Conversely, the lowest seasonal mean of presumptive E. coli (2.2 × 10 2 CFU/100 mL) and Vibrio spp. (1.3 × 10 2 CFU/100 mL) were observed in summer (December, January and February) at KWWTP, while at SWWTP, the lowest seasonal mean of E. coli (9.9 × 10 3 CFU/100 mL) and Vibrio spp. (4.2 × 10 2 CFU/100 mL) were observed in autumn (March, April and May) and summer, respectively. There appears to be a slight seasonal trend in the distribution of the two bacterial groups assessed at KWWTP, with the highest counts generally occurring in spring. However, at SWWTP, no consistent seasonal trend exists. ANOVA F-test showed no significant difference (p < 0.05) in the seasonal mean of bacterial counts at SWWTP, while there was slight variation in the seasonal means at KWWTP.
The statistical relationships among physicochemical and microbiological parameters revealed a positive significant correlation between pH and each of nitrate (r = 0.313; p < 0.01) and DO (r = 0.537; p < 0.01) while TDS (r = −0.359; p < 0.01), EC (r = −0.360; p < 0.01), temperature (r = −0.180; p < 0.05), turbidity (r = −0.215; p < 0.01), free chlorine (r = −0.206; p < 0.05) and COD (r = −0.258; p < 0.01) were inversely correlated to pH. TDS showed a positive linear relationship with EC (r = 1.000; p < 0.01). TDS also showed a positive correlation with turbidity (r = 0.417; p < 0.01), nitrite (r = 0.170; p < 0.05) and COD (r = 0.261; p < 0.01), while it was inversely correlated with DO (r = −0.332; p < 0.01). The temperature of the samples positively correlated with turbidity (r = 0.220; p < 0.01), BOD 5 The statistical analysis showed a weak linear relationship between pH and E. coli (r = 0.175; p < 0.01) and Vibrio (r = 0.253; p < 0.05) densities, while turbidity showed a moderately linear relationship with Vibrio (r = 0.431; p < 0.05) density. Dissolved oxygen also showed a weak inverse relationship with Vibrio density (r = −0.327; p < 0.05), while DO concentration did not show any significant relationship with the density of E. coli at p < 0.05.
Molecular Identification of E. coli and Vibrio Isolates
The molecular confirmation of the isolates by PCR amplification revealed 76.2% (381/500) of the preliminary identified E. coli isolates recovered from both study sites to be positive for the uidA gene, identifying the isolates as E. coli, while 69.8% (279/400) of the preliminary identified Vibrio isolates from the two sites were positive for the presence of the targeted variable regions around position 700 and 1325 within 16SrRNA segment used for the identification of Vibrio spp. up to the genus level. Of the total isolates positive for uidA gene, 77.6% (194/250) were from SWWTP, while 74.8% (187/250) of the isolates were recovered from KWWTP. Likewise, 66.3% (157/237) of the tested isolates were positive for the 16SrRNA gene at SWWTP, while 74.9% (122/163) of the isolates tested positive from KWWTP. Figures 3 and 4 below are representative gel electrophoretic images of some of the PCR-confirmed isolates.
The statistical relationships among physicochemical and microbiological parameters revealed a positive significant correlation between pH and each of nitrate (r = 0.313; p < 0.01) and DO (r = 0.537; p < 0.01) while TDS (r = −0.359; p < 0.01), EC (r = −0.360; p < 0.01), temperature (r = −0.180; p < 0.05), turbidity (r = −0.215; p < 0.01), free chlorine (r = −0.206; p < 0.05) and COD (r = −0.258; p < 0.01) were inversely correlated to pH. TDS showed a positive linear relationship with EC (r = 1.000; p < 0.01). TDS also showed a positive correlation with turbidity (r = 0.417; p < 0.01), nitrite (r = 0.170; p < 0.05) and COD (r = 0.261; p < 0.01), while it was inversely correlated with DO (r = −0.332; p < 0.01). The temperature of the samples positively correlated with turbidity (r = 0.220; p < 0.01), BOD5 (r = 0.212; p < 0.05) and PO4 − (r = 0.344; p < 0.01) while it showed an inverse correlation with dissolved oxygen DO (r = −0.392; p < 0.01), nitrate (r = −0.329; p < 0.01) and COD (r = −0.283; p < 0.01). Turbidity of samples in the study exhibited positive correlation with BOD (r = 0.285; p < 0.01), nitrate (r = 0.353; p < 0.01), nitrite (r = 0.189; p < 0.05) and COD (r = 0.416; p < 0.01), while it exhibited an inverse correlation with DO (r = −0.021; p < 0.05). The statistical analysis showed a weak linear relationship between pH and E. coli (r = 0.175; p < 0.01) and Vibrio (r = 0.253; p < 0.05) densities, while turbidity showed a moderately linear relationship with Vibrio (r = 0.431; p < 0.05) density. Dissolved oxygen also showed a weak inverse relationship with Vibrio density (r = −0.327; p < 0.05), while DO concentration did not show any significant relationship with the density of E. coli at p < 0.05.
The molecular confirmation of the isolates by PCR amplification revealed 76.2% (381/500) of the preliminary identified E. coli isolates recovered from both study sites to be positive for the uidA gene, identifying the isolates as E. coli, while 69.8% (279/400) of the preliminary identified Vibrio isolates from the two sites were positive for the presence of the targeted variable regions around position 700 and 1325 within 16SrRNA segment used for the identification of Vibrio spp. up to the genus level. 
Antibiotic Susceptibility Profile of Vibrio spp. Isolates
The antibiotic susceptibility profiles of 205 randomly selected PCR-confirmed Vibrio species isolates against 18 different antibiotics showed marked susceptibility (≥95) to four of the antibiotics. These include imipenem, meropenem, trimethoprim and sulfamethoxazole. The isolates also exhibited susceptibility greater than >90 to amikacin and ciprofloxacin ( Figure 4) . None of the test antibiotics were completely potent against all the isolates, with the expression of resistance ranging between 0.5% (imipenem) to 96.1% (penicillin G). Approximately 81% (166/205) of the tested isolates showed multiple antibiotic resistance phenotypes (MARP) against three or more antibiotics. The most common MARP was AP-T-TM-SMX-PG-NI-PB, which occurred in eight isolates. The highest number of MARP observed in a single isolate was 11 (that is, MARP 11), with three isolates found in this category. MARP 10 was also observed in six of the test isolates. The multiple resistance antibiotic indices (MARI) estimated for both sites are 0.35 (SWWTP) and 0.33 (KWWTP).
Profiling of the Antibiotic Resistance Gene in Drug-Resistant Vibrio Isolates
Nine of the ten antibiotic resistance genes/determinants assayed were detected by PCR in the Vibrio isolates that exhibited resistance to the test antibiotics. The frequencies of the detection of the resistance gene are shown in Table 4 . Tetracycline was the drug to which the highest number of isolates was insensitive, as revealed by the antibiotic susceptibility results. This also coincided with the frequency of detection of the resistance genes conferring resistance to this class of drug. The detection rates of resistance genes in the isolates ranged from 0% (blaZ) to 47% (tetM). Some of the gel electrophoretic pictures showing the resistance genes detected in the Vibrio isolates are attached as supplemental materials. 
Antibiotic Susceptibility Profile of Vibrio spp. Isolates
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Profiling of the Antibiotic Resistance Gene in Drug-Resistant Vibrio Isolates
Discussion
Considering the high incidences of deaths and debilitating diseases caused by contact with contaminated water, it is important to understand factors associated with the spread of waterborne pathogens, and their respective indicators. The water characteristics assessed in this study have been reported to have interdependent impacts on each other, and in turn impact water quality and usability [37] [38] [39] . Although the effluents analyzed in this study showed compliance with recommended guidelines for pH, TDS, temperature, nitrite and DO, they fell short of the recommended limits in terms of the turbidity, BOD 5 , nitrate, phosphate, COD and free chlorine concentrations, thus suggesting impairment of the water quality and the alteration of the ecological dynamics of the receiving waterbodies.
BOD measures the amount of oxygen required by microbes to break down organic matter, while COD is a measure of the amount of oxygen required for the chemical decomposition of organic and inorganic contaminants dissolved or suspended in water [40] . BOD reduction is a general yardstick for evaluating the performance of a municipal wastewater treatment plant (measured as five-day, 20 • C BOD), and the performance efficiency of treatment plants depends not only on proper design and construction, but also on good operation and maintenance [41] . The determination of BOD and COD is useful in evaluating the compliance of effluents with water quality requirements standards, and also the estimation of the potential of organics present in effluent to deplete oxygen [42] . Although South Africa does not have a set limit for BOD in discharged effluents, using the European Union limit of 3-6 mg/L meant that some of the effluent samples did not comply with the set limit in some of the sampling months. The continuous discharge of effluent with low-dissolved oxygen and high BOD into freshwater systems suggest increased organic loading, and in turn potential negative impacts on such receiving water systems, which may cause harm to aquatic life [38, 43] . Also, low oxygen content may cause increased toxicity of certain substances, and this may induce stress responses in the aquatic ecosystem. Increased COD levels also have a similar effect on surface water [44] ). Although no limit exists for BOD 5 levels in South African guidelines, about 75% of the effluent samples complied with the European Union BOD 5 limit of 3-6 mg/L (Table S2 ). The BOD and COD levels recorded in this study were similar to those reported elsewhere [38, 43] .
One important characteristic of discharged wastewater effluents that often impacts receiving waters is its nutrient content. Excessive nutrient loading, especially in regards to nitrogen and phosphorus, is a major ongoing threat to freshwater quality worldwide, particularly in water-scarce countries such as South Africa [45] . Many aquatic systems have very low ambient nutrient concentrations, and small shifts in the nutrient load can result in dramatic changes in the aquatic community structure [46] . High concentrations of nitrates above the 15 mg/L limit were recorded in some months at KWWTP, particularly in winter. Likewise, high concentrations of orthophosphate above the recommended limit of 10 mg/L were recorded at both study sites. Nitrate has been reported to be toxic to humans and animals. Since 1945, methemoglobinemia (blue baby syndrome) has been linked to drinking nitrate-contaminated well water on farms from the midwestern United States of America [47] . Methemoglobinemia is formed during the nitrate-induced oxidation of haemoglobin, which prevents normal oxygen binding and leads to hypoxia. Methemoglobinemia, as well as additional concerns, continue today with increasing nitrate contamination of water bodies. Ammonium ions have also been reported to have toxic effects on fish [47, 48] . Increased nitrate and phosphorus levels in discharged effluents will promote excessive growths of aquatic plants and algae, thus contributing to eutrophication and resulting in undesirable ecological effects within the receiving water bodies [38] .
Chlorination remains the most widely used disinfectant in water and wastewater treatment. The disinfection of effluents prior to discharge helps inactive bacteria and other potentially harmful organisms that may have escaped the initial treatment stages. Both treatment facilities utilize automated chlorination systems for dosing their final effluents before discharging into the receiving watershed. The concentrations of free chlorine in the discharged effluents at SWWTP were for most of the sampling period in line with the limit of 0.25 mg/L for discharged final effluents, while 50% of the samples had turbidity above the <5 NTU recommended limit. Excessive free chlorine and turbidity levels were mostly recorded at KWWTP for most of the study, with 100% of the samples from this site having turbidity above the guideline. The high chlorine levels observed at this site may be partly due to the incessant breakdown of the automated chlorination system, which leads to manual dosing on several occasion during the study period. There was notably excessive turbidity in the discharged effluents at this site during five of the sampling months (Table 3) , which correlates with the high bacterial count at this site. This observation might have resulted from malfunctioning of the aerators at the time of sampling. One major implication of the discharge of excessive turbid effluents into the receiving water resources is a reduction in light penetration, which may result in the decline of the rate of photosynthesis by the aquatic plants. This may in turn lead to less food being available for the aquatic animals [49] ). Excessive turbidity affects the effectiveness of chlorination during disinfection in wastewater treatment, resulting in the failure of removal of microorganisms [50, 51] . High turbidity has been shown to hinder the effectiveness of disinfection in water, and often correlates with microbial load within water resources [50] . Furthermore, inefficient chlorination increases the chances of trihalomethane (THM) precursors forming in the wastewater effluent [51] . THM are carcinogenic compounds that are formed as a by-product from chlorine and organic matter reaction, which may result in serious health implications for aquatic life and humans exposed to it [52] . However, there was an improvement in the turbidity and bacterial counts after the aerators were fixed.
The noncompliance of some of the physicochemical parameters assessed including BOD, COD, nutrient concentration (nitrate, orthophosphate), turbidity, and free chlorine concentration suggests a high concentration of organic matter in the discharged effluents. Incessant discharge of the inadequately treated effluent will contribute to eutrophication in the receiving watershed and consequently alter the ecosystem balance of these water resources. There is also the chance of formation of carcinogens resulting from the chlorination of highly turbid effluents, which constitute a public health threat.
Microorganisms of enteric origin are one of the most common pathogens encountered in the aquatic environments, including discharged municipal wastewater effluents. In this study, FIB (E. coli) and Vibrio species were detected in all samples analyzed over the sampling period. Even though FIB may not be pathogenic, their presence in the water system is universally accepted to indicate fecal contamination, and possible presence of other pathogenic organisms [53] . E. coli is a subgroup of fecal coliforms used as an indicator of fecal contamination. Although vast majority of E. coli are completely harmless, some strains of the bacteria have acquired genetic capabilities which enable them to encode virulence factors [54] . Pathogenic E. coli strains cause diverse forms of bacterial induced illnesses with symptoms ranging from mild diarrhoea to severe complication and even death [55] . As observed in the study, the counts of the FIB complied with 10 3 CFU/100 mL limit during some of the sampling months, whereas, counts far above this limit were recorded in other months. Similar findings to this have been reported by other studies [29, 56] .
Even though there is no specific guideline for Vibrio density in discharged effluent in South Africa, however, using the fecal coliform as the base limit for the evaluation of Vibrios, we observed that about 77.1% of the samples analyzed for presumptive Vibrio spp. complied with the general limit permissible for discharged final effluent in South Africa. Similarly, other studies have reported the detection of Vibrio in discharged effluents in South Africa and have emphasized the possibility of their survival in the environment [57] [58] [59] [60] . The lack of statistical correlation between the abundance of FIB and potentially pathogenic Vibrio species points at the feeble attempt to use indicator organisms as surrogates for pathogens in water systems [61] [62] [63] , while more reliable pathogen detection technology such as molecular-based and next-generation sequencing techniques will give more accurate results.
In this study, all PCR-confirmed Vibrio isolates tested exhibited resistance to at least one of the 18 test antibiotics. The highest frequency of resistance was recorded against penicillin G (96.1%), followed by sulfamethoxazole with a frequency of 74.1%. The resistance frequencies displayed by the isolates against other antibiotics were <50%, as shown in Figure 5 , while only one isolate showed resistance against imipenem. Our finding was similar to that of Wright [64] , who reported a susceptibility of 98% for imipenem against Vibrio parahaemolyticus isolated from retail shrimps in Malaysia. However, contrary to their record of ≥82% susceptibility rates for chloramphenicol, trimethoprim and tetracycline, our test isolates exhibited susceptibility rates of 41%, 52.2% and 49.3% to these antibiotics, respectively. Several MARP combinations were exhibited against the PCR-confirmed Vibrio spp. Isolates, indicating the ineffectiveness or lack of sensitivity of the isolates to the antibiotics. The multiple antibiotic resistance indices (MARI) estimates for both study sites (SWWTP, 0.35, and KWWTP, 0.33) suggest that the isolates might have originated from sources with a high contamination of antibiotics. Although antibiotic resistance was initially thought to have evolved in the clinical setting, much more attention is now being directed towards understanding the ecological and environmental factors contributing to resistance gene acquisition among microorganisms. While some studies have attempted to highlight the dissemination of resistance genes between environmental and pathogenic bacteria [65, 66] , the complexity of the processes and the relative scarcity of information on this subject indicate a dearth of adequate knowledge in this field. This study revealed the presence of nine out of the 10 genes assayed conferring resistance against the various classes of drugs used in treating Vibriosis and other infections caused by Vibrio species. The long-term use of tetracycline in the clinical setting, and also in animal production, has been suggested as a factor that contributes to the high resistance often exhibited against this class of drugs. This coincides with our finding, with 47% (47/100) of the resistant isolates carrying the tetM gene, which is followed by tetB (23%) and tetA (19%). The production of β-lactamase inactivates the β-lactam class of antibiotic through hydrolysis by breaking open the β-lactam ring. Three genes responsible for β-lactamase were detected in some of the test isolates at frequencies ranging between 27.8% (blaCTX-M) and 44.4% (blaTEM) ( Table 4) while two different genes (aadA and strA) conferring resistance against aminoglycoside were detected at rates of 24% and 40%, respectively. Some of the isolates tested were found to carry genes conferring resistance to more than one class of antibiotic. Other studies [59, 60] have reported similar findings in environmental isolates. Even though most conventional wastewater treatment designs incorporate primary and secondary treatment processes to remove biological and chemical contaminates from treated effluents, an inclusion of a tertiary treatment stage (such as filtration, biological nutrient removal etc.) will be an important step in mitigating the negative impact of inadequately treated effluents on receiving watersheds. Although antibiotic resistance was initially thought to have evolved in the clinical setting, much more attention is now being directed towards understanding the ecological and environmental factors contributing to resistance gene acquisition among microorganisms. While some studies have attempted to highlight the dissemination of resistance genes between environmental and pathogenic bacteria [65, 66] , the complexity of the processes and the relative scarcity of information on this subject indicate a dearth of adequate knowledge in this field. This study revealed the presence of nine out of the 10 genes assayed conferring resistance against the various classes of drugs used in treating Vibriosis and other infections caused by Vibrio species. The long-term use of tetracycline in the clinical setting, and also in animal production, has been suggested as a factor that contributes to the high resistance often exhibited against this class of drugs. This coincides with our finding, with 47% (47/100) of the resistant isolates carrying the tetM gene, which is followed by tetB (23%) and tetA (19%). The production of β-lactamase inactivates the β-lactam class of antibiotic through hydrolysis by breaking open the β-lactam ring. Three genes responsible for β-lactamase were detected in some of the test isolates at frequencies ranging between 27.8% (blaCTX-M) and 44.4% (blaTEM) ( Table 4) while two different genes (aadA and strA) conferring resistance against aminoglycoside were detected at rates of 24% and 40%, respectively. Some of the isolates tested were found to carry genes conferring resistance to more than one class of antibiotic. Other studies [59, 60] have reported similar findings in environmental isolates. Even though most conventional wastewater treatment designs incorporate primary and secondary treatment processes to remove biological and chemical contaminates from treated effluents, an inclusion of a tertiary treatment stage (such as filtration, biological nutrient removal etc.) will be an important step in mitigating the negative impact of inadequately treated effluents on receiving watersheds.
Conclusions
Even though the impact of poor quality effluents on surface water has received consideration in recent years, the production of effluents of high quality still remains a huge challenge. There have been increasing detrimental impacts on freshwater ecosystems, including the notable eutrophication and pollution of many rivers. Potential pathogens present in discharged effluents can cause diarrhoea, abdominal cramps and other clinical symptoms, and present a major health risk particularly to infants, the elderly and persons with severely compromised immunity. The findings of this study revealed inadequacies in the current treatment procedures, and the resultant discharge of potentially photogenic drug-resistant bacteria into the aquatic environment, which may be directly or indirectly transferred to human and animal populations via the food chain. Human infection by drug resistance pathogens results in longer hospital stays and an extremely high cost of medical care, especially in developing countries such as South Africa. The detection of genes conferring resistance to the different classes of antibiotics represents a significant public health threat. Some of these pathogens can exchange resistance and other virulence genetic materials with other environmental isolates and human/animal microflora, thus compounding the problem of drug resistance. There is a need for effective management and improvement of existing treatment facilities, as well as continuous monitoring of discharged effluents for factors that may promote the evolution and spread of resistance determinants, and other emerging pollutants of public health interest. Therefore, more effort should be invested in curbing the indiscriminate discharge of poor-quality effluent into the aquatic milieu of the Eastern Cape, in the interest of public health and freshwater ecosystem conservation.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/8/562/s1. Figure S1 (a-i): Gel electrophoretic pictures showing the resistance genes detected in the vibrio isolates.
